NMR Sample Preparation and Resonance Assignments for C99 in LMPG Micelles.
The amino acid sequence of C99 is show in fig. S1 . As described previously (11) , the cDNA for full length human C99 tagged with a C-terminal -QGRILQISITLAAALEHHHHHH purification tag was cloned into a modified pET21a plasmid. To facilitate spin labeling or alanine scanning of C99, a series of single-cysteine and site-directed alanine mutant forms of C99 were generated using QuickChange sitedirected mutagenesis (Agilent Technologies). The protein was then expressed in E. coli with either an added N-terminal His 6 -Gly-tag or a C-terminal tag that includes a His 6 sequence (11) . The protein was then purified into lyso-myristoylphosphatidylglycerol (LMPG) micelles (11) . LMPG is a phospholipid-like detergent. Relative to other micelles and also to isotropic bicelles, LMPG micelles were found to yield NMR spectra of superior quality for this protein (11) . NMR samples of C99 contained 0.25 mM protein and 10% LMPG in 100 mM imidazole, 2 mM EDTA, and 10% D2O, pH 6.5. NMR data were collected at 45 °C on either a Varian Inova 900 MHz spectrometer with a cryoprobe, a Bruker Avance 800 MHz spectrometer with a cryoprobe, or a Bruker Avance 600 MHz spectrometer with a conventional probe. Backbone resonance assignments were previously reported (11) and were deposited in the BioMagResBank (www.bmrb.wisc.edu) with accession number 15775.
Use of NMR Chemical Shifts as Restraints and Measurement of NOE Restraints for C99
in LMPG Micelles.
Backbone 13 Cα, 13 Cβ, 13 CO, and 15 N chemical shifts were used to estimate backbone dihedral angles using the program TALOS+ (35) . Only restraints that were classified by this program as being in the highest confidence category were used in structural calculations. Chemical shift index (CSI) analysis (36) was also implemented to assess secondary structure for hydrogen bond restraints. 1 H-1 H NOEs were obtained using the 3D ( 1 H, 1 H, 15 N)-TROSY-NOESY experiment (120 ms mixing time) on uniformly- 13 C/ 15 N double-labeled C99 in LMPG micelles at 900 MHz (11) . 65 amide-amide NOEs were used in structural calculations. Measurements of side chain-side chain NOEs were not feasible because of the difficulty of assigning side chain resonances in a large proteindetergent complex, which have been shown to exhibit generally unfavorable transverse relaxation rates (11) . NH-NH NOEs were assigned by correlating parent diagonal amide resonances in as NOESY spectrum with assigned amide resonances in the TROSY spectrum. Spectra were analyzed using NMRView (37) and assigned using Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).
Measurement of Residual Dipolar Couplings for C99 in LMPG Micelles.
Stretched neutral polyacrylamide gels (7.0% acrylamide concentration, 0.5% AMPS, and acrylamide/bis-acrylamide molar ratio of 50:1) were prepared according to Chen et al. (38) . Cylindrical polyacrylamide gels were cast with a 7.0 mm diameter in 100 mM imidazole, pH 6.5 buffer in the absence of detergent and then cut to 1.5 cm in length. This was followed by soaking gels in three successive changes of 100 mM imidazole buffer (pH 6.5). 1 mL of a U-2 H/ 15 N-C99 in an LMPG micelle solution (see above NMR sample conditions) was then soaked into the wet gel for at least 48 hours. The gel was subsequently stretched (using a device from New Era Enterprises, Vineland, NJ) into an open-ended NMR tube with a 4.2 mm inner diameter. The stretched gel was 2.2 cm in length. The concentration of C99 in the 500 μl gel was determined to be 0.45 mM by measuring the C99 concentration in the solution remaining outside of the gel after soaking. 1 Wild type C99 has no Cys residues. Select residues were mutated to cysteine using the QuikChange site-directed mutagenesis (Agilent, La Jolla, CA, USA). From the C99 plasmid, a total of four single-Cys mutants were prepared: V695C, G700C, L705C, and L723C. These mutations were selected to be located on relatively immobile sites: V695C is located in the N-terminal helix, G700C and L723C mark the termini of the transmembrane helix, and L705C is located towards the middle of the transmembrane helix. Prior to PRE measurements, 1 H-15 N TROSY experiments were performed to validate that these mutations did not perturb the native structure of C99. Single-Cys mutant forms of C99 were overexpressed and purified as described for wild type (11) . After purification, each cysteine mutant was concentrated to 0.5 mM and the pH was lowered to 6.5. Samples were then reduced with 2.5 mM DTT, with gentle agitation at room temperature for 24 hours to ensure complete conversion to Cys-SH. To verify this, samples were analyzed by SDS-PAGE. Mutants were then Cys-modified by the thiolreactive nitroxide free radical probe, 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methylmethanethiosulfonate (MTSL, Toronto Research Chemicals, Toronto, Canada). MTSL was added to 10 mM from a 250 mM solution in dimethylsulfoxide into a 0.5 mM C99 solution (buffer: 100 mM imidazole, 2 mM EDTA, 2.5 mM DTT, 0.05% LMPG, pH 6.5), which was then gently agitated at room temperature for 30 minutes, followed by incubation at 37 ºC for 3 hours. Samples were then buffer-exchanged into a 50 mM phosphate, 0.05% LMPG, pH 7.8. Following buffer exchange, samples were bound to Ni(II)-chelate chromatography resin in a column, which was then washed with 100 mL of 50 mM phosphate, 0.05% LMPG, pH 7.8 to remove excess MTSL. The spin-labeled C99 was eluted using elution buffer (250 mM imidazole, 0.05% LMPG, pH 7.8). Samples were then processed (as above) to achieve standard NMR conditions (100mM imidazole, 10% LMPG, 10% D 2 O, 2mM EDTA, pH 6.5). Prior to NMR PRE experiments, the % of nitroxide spin-labeling for each C99 sample was quantitated by double-integrating EPR resonances from each labeled sample relative to the signal from a 100 μM TEMPOL standard. In all cases, the efficiency of single site spin-labeling was >90%.
NMR Paramagnetic Relaxation Enhancement-Based Distance Measurements for C99.
Paramagnetic relaxation enhancement (PRE) experiments were used to measure long range distance restraints. For each spin-labeled single-cysteine mutant, a pair of 2D 1 H-15 N TROSY spectra were acquired for spin-labeled C99: one for the spin-labeled protein in the paramagnetic form, and one after adding ascorbic acid (to 7.5 mM) to the sample in order to reduce the nitroxide, yielding the diamagnetic species. The spectra for each pair of paramagnetic and diamagnetic samples were processed and then zero-filled in both t1 and t2 dimensions. The spectra were then analyzed to measure PRE-based differences in peak intensities using the programs nmrPipe (39) , nmrView (37) , and Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco). Intensity ratios of peaks from the oxidized and reduced spectra were converted into paramagnetic relaxation rate enhancements (PREs, R2 sp ) by estimating the additional transverse relaxation needed to reduce peak intensity relative to diamagnetic conditions by the observed intensity ratio using the following equation (40):
The intrinsic R2 were estimated from the 1 H line widths from diamagnetic samples. Tau (τ) was the duration of the INEPT delay in the TROSY pulse sequence (13.3 msec). The R2 sp values were then calculated from the above equation using Microsoft Excel and converted into distances using the following equation:
where r is the distance between the electron and nuclear spins (in angstroms), τ c is the correlation time for the electron-nuclear interaction, ω h is the Larmor frequency of the nuclear spin (600.13 X 10 6 sec -1 X 2π) and K is 1.23 x 10 -32 cm 6 /s 2 (40) . The rotational correlation times (τ c ) were calculated based on previously reported backbone amide 15 N T 1 and T 2 relaxation values for C99 (11) . An example of the PRE data collected is shown in fig. S3 .
Structural Calculations for C99 in LMPG Micelles.
Initially, structural calculations were carried out for full length C99 (all 99 residues). However, it became apparent from these calculations that the N-terminus prior to residue 687 is disordered, as is the C-loop extending from residues 724 to 759. While the C-helix (residues 760 to 770) is a well-ordered α-helix and is located at the membrane (i.e. micelle) interface, it is not restrained in terms of placement with respect to the TMD. A representative structure from these full length calculations is presented as Figure 1A of the paper. Given the above considerations, we completed the final structural calculations using only the relatively ordered N-helix, N-loop, and transmembrane domains, plus a few residues on either side (683 to 728). It is the outcome of these final calculations that are represented by Figs 1B-C of the paper and by PDB deposition 2LP1.
Unambiguously assigned 1 H(N)-1 H(N) NOEs were employed as structural restraints, as were backbone dihedral angles (φ, ) generated using TALOS+ (35) . Hydrogen bond restraints for the N-terminal helix and transmembrane helix were applied based on the results of CSI analysis and H/D exchange rates. PRE distance restraints were classified in as described (40) . Resonances with paramagnetic/diamagnetic intensity ratios less than 0.15 were classified as "close" and therefore restrained to being between 2 and 19Å from a given MTSL modified cysteine residue. Resonances with intensity ratios between 0.15 and 0.85 were converted to distances as described above (and (40)), with uncertainties of ±4Å. Peaks unaffected by the paramagnetic probe (intensity ratio >0.85) were restrained to being between 21 and 74Å. These distance restraints were implemented as pseudo-NOEs from the nitroxide-containing pyrroline ring to the backbone amide hydrogen utilizing MTSL-labeled pseudo-atoms, known as CYSP residues (41) . RDC data was only incorporated for the N-terminal helix and transmembrane helix. Data-restrained structural calculations were carried out using a slightly modified version of the XPLOR-NIH v2.24 "anneal.py" structure calculation script (41) . Calculations started with an extended C99 template with randomized backbone torsion angles followed by 1000 cycles of Powell energy minimization. Simulated annealing was performed using 15,000 steps at 3500 K with gradual cooling to 100K. During the cooling stage the van der Waals interactions were increased by varying the force constant of the atom-atom repulsive term from 0.5 to 4 kcal·mol -1 ·Å -4 with an initial effective atom radius of 0.5Å. Hydrogen bond restraints were enforced with flatwell harmonic potentials, with the force constant being fixed at 25 kcal·mol -1 ·Å -4 . Force constants for NOE, PRE, and RDC restraints were ramped from 1, 1, and 0.01 to 30, 30, and 1 kcal·mol -1 ·Å -4 , respectively. Dihedral terms were ramped from 5 to 500 kcal·mol -1 ·Å -4 . Default anneal.py values and parameters were used for all other restraints and steps. During the structure calculations, the van der Waals interaction involving CYSP residues were turned to zero to avoid steric clashes between the side chains of these residues that were not present under experimental conditions (where, at most, only a single CYSP site would be present). After the high temperature simulated annealing was complete, a round of torsion angle minimization and full atom minimization was carried out using 500 steps of Powell energy minimization. CYSP residues were mutated back to wild type residues using a Pymol based script and subjected to three rounds of Powell energy minimization, consisting of 100, 60, and 200 steps to optimize side chain packing. Of the 100 output structures, the 30 lowest energy structures were used to generate an ensemble. When aligned to the average structure, the N-terminal helix (residues 688-695) displayed an RMSD of 0.731Å. The transmembrane domain (residues 699-723) exhibited an RMSD of 0.508Å when compared to the average TMD structure. The RMSD for both domains (residues 688-723) when compared to the average structure was 1.023Å. A summary of the structure calculations and the related statistics for the results are presented in Table S1 . The protein databank code is 2LP1.
Reconstitution of Spin-Labeled C99 into POPC/POPG Vesicles for EPR Studies.
Reconstitution of C99 into lipid vesicles was initiated by purifying the protein as described above, with the only difference being that the final elution buffer consisted of 0.2% SDS in lieu of 0.05% LMPG. Purified single-cysteine mutants forms of C99 were then conjugated to MTSL using the same spin-labeling protocol as described above for PRE measurements. Spin-labeled C99 in SDS was concentrated using centrifugal ultrafiltration to a final concentration of 1 mM. The concentrated C99 solution was then mixed with a stock SDS/lipid mixture of 400 mM SDS/75 mM POPC/25 mM POPG (400mM SDS:100mM lipid), resulting in a clear solution. The final C99:lipid molar ratio was set to 1:400. The SDS/lipid solution was prepared by multiple cycles of freeze/thawing to ensure complete conversion to mixed micelles. The C99/SDS/lipid mixture was then subjected to extensive dialysis to remove all SDS present, during which process C99/POPC/POPG vesicles spontaneously formed. The 4L dialysis buffer (50 mM imidazole and 2 mM EDTA at pH 6.5) was changed three times daily. The completion of SDS removal was determined when the C99/lipid solution became cloudy and the surface tension of the dialysate indicated complete removal of detergent. The C99/lipid vesicles solution was then extruded using a 50 nm filter to generate unilamellar vesicles.
Continuous Wave (CW) EPR Measurements.
X-band CW-EPR spectra were collected at 9.8 GHz on a Bruker EMX spectrometer with a TM110 cavity (Bruker Biospin, Billerica, MA) using 5 mW microwave power and 1 G field modulation at 100 kHz. Samples were prepared as described in the above sections. For each, 20 microliters were transferred to a 50 microliter glass capillary (Kimble Glass, Inc., Vineland, NJ). EPR data was collected at 298K.
Power Saturation EPR Measurement of Membrane Depth for Spin-Labeled Sites of C99.
Spin labeled C99 was reconstituted into POPC/POPG liposomes as described above with a protein/lipid molar ratio of 1:400. The accessibilities of the spin label to oxygen (lipophilic) and NiEDDA (hydrophilic) were determined using power saturation methodology. 5 microliters of each sample were taken up into a gas-permeable plastic capillary (TPX) and mounted into an ER4123D resonator (Bruker Biospin, Billerica, MA). To establish oxygen-free conditions (for both the control and for the samples containing 5 mM NiEDDA), samples were equilibrated with flow of nitrogen gas for 15 minutes prior to and during the measurement. For samples in which oxygen was allowed to be present to serve as a lipophilic probe the use of nitrogen gas was replaced by atmospheric air (20% oxygen). A 25 G scan of the central resonance line for each mutant was carried out using a 1 G modulation amplitude of 100 kHz frequency. A total of 24 scans were separately recorded at microwave powers ranging from 1 mW to 200 mW with increments of 1 dB attenuation. The central line height (A) was then plotted against the square root of the incident microwave power (P) and fitted into the following equation with I, P 1/2 , and ε as adjustable parameters (42) .
Membrane depth ( ) was expressed numerically as a dimensionless value according to the following equation (42) . (5) An example of the data from these power saturation EPR experiments is shown in fig. S4 .
Four-Pulse DEER Measurements and Data Analysis to Determine Distances Between Spin-Labels in C99.
Double spin-labeled C99 was either reconstituted into LMPG micelles or into bilayered POPC/POPG vesicles as described above, with a spin label concentration range of 200 to 300 μM (2X the C99 concentration). 30% (w/w) glycerol was added to the sample to serve as a cryoprotective agent. The sample was loaded into 2.4 mm inner diameter quartz capillaries (Wilmad LabGlass, Buena, NJ). After the resonator was cooled to 80K, the capillary was mounted into a plastic rod. The rod was then inserted into the resonator quickly to avoid a temperature increase. Experiments were continued after waiting for the temperature to stabilize at 80K. Four-pulse DEER experiments were performed at Xband (9.5 GHz) on a Bruker EleXsys E580 spectrometer equipped with a Bruker split ring resonator (ER 4118X-MD5). A standard four-pulse sequence (43) was employed with a 32 ns pulse and a 16 ns /2 pulse. All measurements were performed at 80 K using an Oxford CF935 cryostat with an Oxford ITC4 temperature controller.
All DEER data were analyzed using in-house software that fits the background signal as an exponential decay while determining the specific interactions of interest using distance distributions defined as a sum of Gaussians (44) . The 15 N labeled-C99 from 1 g of cell pellet was bound to and purified on 2 mL of Niresin as described above. The pure protein on the resin was then equilibrated with 1% isotropic q=0.3 dimyristoylphosphatidylcholine/dihexanoylphosphatidylcholine (DMPC/DHPC) bicelles plus 10 mM imidazole, pH 7.8 (where q is the DMPC to DHPC mole ratio). The protein was then eluted from the column with 7 mL of elution buffer containing 2% isotropic DMPC-DHPC bicelles and 250 mM imidazole, pH of 7.8. 5 mL of protein solution was collected and concentrated to 0.5 mL by centrifugal ultrafiltration using a 10 kDa MWCO cutoff filter. D 2 O was then added to 10% (v/v) for the NMR lock and EDTA was added to a concentration of 1 mM. The pH of the sample was lowered to 4.5 with acetic acid. The NMR sample therefore contained 20% DMPC-DHPC bicelles (q=0.3), 30 mM acetic acid, 1 mM EDTA, 10% (v/v) D 2 O and approximately 0.25 mM C99. Another four samples were prepared in parallel that contained cholesterol. These samples were prepared by eluting C99 from the resin using bicelle solutions that contained 2.5, 5, 10, or 20 mol% cholesterol (relative to DMPC). Cholesterol-containing bicelle solutions were prepared by co-dissolving DMPC and cholesterol in chloroform, removing all solvent under high vacuum, and then mixing with DHPC and buffer, followed by freeze-thaw cycles until the solutions became transparent. 1 H, 15 N-TROSY spectra were acquired for each sample at 318K using a Bruker 600 MHz NMR spectrometer ( Figure 3A) . The chemical shifts for three peaks that exhibited relatively large cholesterol-induced shifts were plotted as a function of the amount of cholesterol ( Figure 3B ). The data were fit using Origin 8.0 (OriginLab Corp. Northampton, MA) by a single binding site model with the equation of y=X*B max /(K d +X), where y is the absolute value of the change in chemical shift (relative to 0 cholesterol conditions), X is the cholesterol concentration, B max is the maximum change in chemical shift observed for a given resonance upon the saturation of binding by cholesterol, and K d is the dissociation constant. While the data presented in Figure 3 were collected at pH 4.5, a titration was also carried out at pH 7.0 (where NMR spectral quality for C99 in bicelle solutions is of lower quality), which verified that cholesterol binds with the same avidity at both pH values.
Scanning Alanine Mutagenesis to Map the Cholesterol Binding Site.
The TROSY NMR peaks of C99 that exhibited the largest changes in chemical shifts in response to cholesterol binding are located in the N-loop, N-helix, and extracellular end of the transmembrane domain ( Figure 3C ). To pinpoint which residues are specifically involved in binding cholesterol we carried out alanine-scanning mutagenesis for residues 690 to 710. Each alanine mutant was prepared for 1 H, 15 N-TROSY NMR as described in the previous section, with a full cholesterol titration being carried out in some cases (F691A, E693A, G696A, G700A, G704A, G708A, G709, and V710A). For other mutants, samples were examined at only 0 and 10 mol% cholesterol concentrations, (WT C99 was seen to be nearly saturated by cholesterol at 10 mol%, Fig. 3B ). Spectra for each mutant in the absence of cholesterol were overlayed with the spectrum of WT C99 ( fig. S7 ), which shows that in no case was a global change in the conformation of C99 induced by the mutation of a wild type residue to Ala.
To assess impact of each mutation on cholesterol binding, the spectrum from each cholesterol-free sample was overlayed with the spectrum (or spectra) from a cholesterolcontaining sample (fig. S8) . The magnitude for the changes in resonance positions for the amide peaks of E693, G700, and G704 were in each case measured and compared to the corresponding changes for wild type C99. If the magnitude of the cholesterolinduced changes in resonance frequency for a given mutant was 80-100% that observed for wild type, the mutation site was judged to have wild type-like binding affinity (green sites in Figure 3E ). If the observed peak changes were 20-80% relative to those observed for wild type, the mutant was judged to be moderately impaired in terms of cholesterol binding (yellow sites in Figure 3E ). If 10 mol% cholesterol induced negligible changes in peak positions (<20% of the changes seen for WT) the mutant was judged to have little affinity for cholesterol, reflecting a key role for the mutated residue in cholesterol binding (red sites in Figure 3E ). Figure S1 . Primary sequence and domain organization for C99 as determined in this work, with transmembrane glycines highlighted. The uppermost numbering scheme, based on full length APP, is used in this paper. The middle numbering is based on the numbering of the most common splice variant of APP found in neurons. The bottom numbering is based on that of the amyloid-β peptide. Most structural studies in this work included an added purification tag at the C-terminus with the sequence -QGRILQISITLAAALEHHHHHH. It is well known that tags at the C-terminus of C99 do not interfere with its processing by γ-secretase. Figure S3 . Representative 15 N TROSY PRE data used to derive long range distance restraints used in structure determination of C99. PRE data from spin-labeled V695C C99 are shown as the overlay of two NMR spectra. The red spectrum represents the paramagnetic state of the MTSL probe and the black spectrum represents the diamagnetic state after the MTSL probe has been reduced. These data were recorded for a 250μM U-15 N C99 sample at 800 MHz, 318K, pH 6.5 in the presence of 1mM EDTA, 100mM imidazole, 10% LMPG micelles, and 10% D 2 O. shows power saturation accessibility measurements for spin-labeled L720C C99 in POPC/POPG vesicles, representing a site that is located inside the bilayer. Samples consisted of approximately 100 uM C99, and were ~90% MTSL-labeled. C99 was reconstituted into POPC/POPG with a protein/lipid molar ratio of 1:400. The accessibilities of the spin label to oxygen and NiEDDA were determined using a power saturation methodology (see Methods). Membrane accessibilities determined from this data and for the many other sites probed are presented in Figure 2A . 15 N TROSY spectra of each alanine mutant examined in the Ala-scanning mutagenesis study is shown in the presence (red) and absence (black) of 10 mol% cholesterol. For many mutants a full multipoint titration was carried out, with the additional spectra not shown here to make it easier to assess the magnitudes of cholesterol-induced changes in the spectrum. Experiments were conducted under the same conditions as described in the Methods. Figure 3 ; green: mutation to alanine leads to no change in cholesterol binding affinity; yellow: intermediate change; red: mutation to alanine eliminates detectable cholesterol binding). The conformer of C99 illustrated in the top panel was selected from among the 30 lowest energy conformers from structural determination. In the top right panel, cholesterol has been manually docked against the flat surface of C99"s TMD provided by the GxxxGxxxG motif. We speculate that cholesterol initially binds C99 in this mode, followed by a conformational change involving the N-helix and N-loop that lead to the completion of complex formation. The lower left panel is a cartoon illustrating the expected topology of the final complete complex, highlighting important residues involved in binding. The two panels on the lower right illustrate the sort of reorientation the N-helix is expected to undergo during cholesterol binding, indicated by black arrows. This reorientation would be enabled by conformational changes in the N-loop, which is not depicted. The orange sites in the two panels on the lower right highlight F691, E693, D694, N798,G700,G704, and G708. Table S1 
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